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Calculation of the Inelastic Scanning Tunneling Image of Acetylene on Cu(100)
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A Greenfunction linear combinationof atomicorbitalstechniqueis usedto theoreticallycalculatethe
“inelastic” scanningtunnelingmicroscopamageof a C, H, moleculeadsorbedn Cu(100)andexplain
previous experimentalresults. Our analysisof the inelastic scatteringprocessin termsof the orbitals
shaws that a destructve interferenceoccursin the inelasticscatteringby the C-H bendingmodes.This
resultsin a muchsmallerinelasticfractiondueto the bendingmodesascomparedo the stretchingones,
and explains why the former cannotbe obsered experimentally

PACS numbers: 73.40.Gk,61.16.Ch,68.35.Ja,82.65.R

Inelastic tunneling spectroscop of moleculesin an
interface hasbeenknown for several decadeg1]. How-
ever, only very recently it has become possible to
perform inelastic tunneling experimentswith a scanning
tunnelingmicroscope(STM) [2,3]. This newly available
techniquej.e., inelasticelectronscanningtunnelingspec-
troscopy (IESTS), hasacrucialimportancesinceit allows
one to spatially visualize the fraction of inelastically
scatteredelectronsby the different vibrational modesof
the adsorbate.

It is thus necessaryo perform a quantitatve calcula-
tion of theinelasticimages,n orderto interpretthoseob-
tainedexperimentally Despitethefactthattherehave been
severalmodelisticapproacheto the problem[4—8], to our
knowledge no calculationof spatially resohed inelastic
currentshad yet beenpublished. In this paperwe want
to shawv how sucha calculationcan be carried out, and
thatevena “simple” linear combinationof atomicorbitals
(LCAO) approactyields a reasonableagreementvith ex-
perimentalresults. Our approachpermitsoneto analyze
the inelastic currentin terms of molecularorbitals. By
doing sowe are ableto give an intuitive interpretationto
the in principle “mysterious” fact that the C-H bending
modescannotbe detectedexperimentally

We will first outline the methodto computeinelastic
tunneling currents[8,9]. Thenwe explain the computa-
tional detailsof the presentalculation,andafterwardswe
presentand discussour results,comparingthemwith the
experimentalones.

The inelastic scatteringof an electronby the vibra-
tional modesof anadsorbednoleculeis describedoy the
Hamiltonian

H=YE&e+ 0,010,
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The inelastic coupling takes place only in a localized
groupof orbitals,defned by the operators’; and@?. The

coupling of the electronwith the vibrational mode w is
given by the ¢’s, which aredefined as[4]
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where() , istheenegy of thevibrationalmode.Fromhere
we will assumeonly onevibrationalmodefor simplicity,
but the extensionto the multiple mode casecanbe made
straightforvardly. Theinelasticmatrix thusdefinedcanbe
shavn to be equialentto the inelasticcoupling elements
usedin [10] to calculatethe vibrationallifetimes of adsor-
batesdueto theelectron-holgair deexcitationmechanism.

The wave function of the electronplus oscillatorcanbe
written as

|CI)> = Z An k |\I,n,k> = Z an,keinﬂflphn>eiEkt|¢k> s (3)
n.k n,k

where|ph, ) dependn the phononcoordinatesand| ¥, )

on the electronicones.The |¥,) describethe propagating

eigenfunction®f the electronfar from the scattererThus,

in the baseof |4, x) the Hamiltonianelementsare

an,n’k’ = Sn,n/ék’k,(Ek + I’lQ)
+ (\/ﬁan,n’-}-l + \/W‘Sn-kl,n’)
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If we now transformto a localized orbital base, the
Hamiltonianmatrix elementdook like

Hni,n’j = an,n’(Hij + I/LQ(S,‘j)
+ (\/E 6n,n’+1 + \/7511+1,n’)§ij' (5)

This is the Hamiltonianof a seriesof equvalentsystems
shiftedby anenegy ) with respecto theimmediateone,
andcoupledby elementst;; ataspatiallylocalizedregion
comprisingthe adsorbatendits neighboringatoms. This
is schematizedn Fig. 1.

The fraction of electronsthat is inelastically scattered
leaving the moleculein its nth excited vibrational level
is just the fraction of the currentexiting throughbranch
n whenit is injectedthroughbranch0’ in Fig. 1. This
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FIG. 1. Schematicrepresentatiorof the total Hamiltonianin
Eq. (5). Eachof the horizontalchainscorrespondsdo the elec-
tronic HamiltonianH, = H., + nQ1. They arecoupledby the
inelasticcoupling matricesé.

fraction, 1,,/Iow1, iS Obtainedin a Green function ap-
proach. In general,

Ep+eV
I, - f Gon(E)O(E — nQ,)dE,  (6)
E
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with the conductances beinggiven by [8]
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Here the matrix G is the total Greenfunction of the
coupledsystem(the indexes n and 0 in generalrepresent
groupsof mary orbitals). The local densitiesof statesp,
andp, correspondo thesampleandtip “decoupled elec-
trodes. T; and T, are the Hamiltonianmatricescoupling
the“inelasticisland’ to the sampleandtip electrodesThe
experimentin Ref. [3] was shavn to be of the “coher-
ent excitation” mechanisntype [7]. This meansthat the
deecitationtime of the moleculeis muchshorterthanthe
meantime betweertunnelingelectrons. Thuswe justneed
to considerthe singleelectroninelasticscatteringorocess,
in the way of Egs.(6) and (7).

We have appliedthe above formalismto the caseof a
C,H, moleculeadsorbedon Cu(100),in an LCAO ap-
proach.The Hamiltonianof the samplewas setfollowing
the way describedn [11]. The hoppingmatrix elements
arethoseparametrizedyy Harrison[12]. They arerotated
accordingto the usual Slater-Kosterprocedure[12]. As
in [11], the diagonalmatrix elementsare taken so asto
obtainthe orbital levels describedn [13]. A Greenfunc-
tion “decimatiori techniqug[14] hasbeenusedto project
the electronicstructureof the semi-ininite metalontothe
Cu(100)surfaceatoms. Then,the moleculeis coupledto
the Cu(100)surface. In the parallel direction, a periodi-
cal3 X 3 surfacecell hasbeenused.Self-consistenghas
beentaken into accountby allowing a chage transferto
the molecule,as calculatedby [15].

The tip has been modeledin the simplest possible
way, in order not to introduceary effects otherthanthe
sampleproperties. Therefore,a tip ape with s-orbital
symmetryhasbeenconsidered.The tip’s Greenfunction
projectedonto its ape has beenconsidereda constant

imaginary quantity so that the local density of states
(LDOS) is constantin the whole enegy range.An expo-
nential dependencéasbeenassumedor the tip-sample
hoppingmatrix elements.The exponentfor the tip-copper
elementsis such that the conductancevs separation
dependenceagreeswith the potentialbarrier of the metal
surface. Exponentdor the hoppingelementsetweenthe
tip and the adsorbateatomsare obtainedfrom the Slater
orbitals given in [16]. For the Cu surfacewe have used
a single s-bandmodel. The prefactorsfor the tip-copper
andtip-C matrix elementswere determinedby a bestfit
of the calculatedelasticimageto the experimentalSTM
elasticimage. In this way we ensurethat the electronic
structureof the sampleis well described.This completely
determineghe Hamiltonian,beforecalculatingthe inelas-
tic images. Afterwards, the inelasticimagesjust follow
straightforvardly from Eq. (7).

Once we have the electronic Hamiltonian, we calcu-
late the inelastic coupling matricesaccordingto Eq. (2),
using the experimentallymeasuredrequenciegsumma-
rizedin Ref. [3]). This hasbeendonefor seven different
vibrational modes: the C-H stretches,C-C stretch, C-H
scissor C-H wag, C-H twist, and molecule-metaktretch
[3]. Theinelasticcouplingmatrix is includedto construct
the total Hamiltonian of the system,from which we ob-
tain the total Greenfunction. Thenwe useEq. (7) to ob-
tain the elasticand inelasticconductancdor eachof the
vibrationalmodes.

First we shaw in Fig. 2athe calculatedelasticconduc-
tanceversusthe tip’s position, Log[o(x, y)], for a7 A
tip-surfaceseparationThe calculateccorrugations 0.2 A
(the experimentalonereportedin [3] is 0.3 A).

We have then calculated the inelastic conductance
as a function of the tip’s position (Fig. 2b) and the
voltage (Fig. 3a). We find a dominanceof the C-H
stretchmode over the other ones,in agreementvith the
experimentalevidence [2,3]. The calculatedprofile of
Oense(x,y)/0o(x, y) is plottedin Fig. 2b, togetherwith
the experimentalpoints of [3]. The latter corresponds
to “rotation raté’ profiles, rather than direct inelastic
current measurementshut they can be assumedto be
fairly proportionalto the inelasticcurrentscatteredy the
C-H stretch, since this mode is clearly dominant. The
profiles have been calculatedkeepingthe tip 7 A over
the surface atoms, starting at the centerof the molecule
and displacingit laterally in a rangeof 5 A, following
two perpendiculatdines: along the moleculés axis and
perpendicularto it. The profile calculatedalongthe axis
of the moleculeis higherthanthe oneon the perpendicu-
lar, in agreemenwith the experiment. When the tip is
laterally displaced5 A from the center the calculated
inelasticfraction decreaseby 2 ordersof magnitudealso
in agreementwith the experimentalprofile. The slight
bump shapenearthe centerof the moleculeis dueto a
sharpdecreasef the elasticconductancéFig. 2a). This
featureis more pronouncedn the experiment,what can
be attributed to a higher experimentalcorrugation. The
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FIG. 2. (a)Calculatecconstantonductanc&TM imageof the
acetylenemoleculeon Cu(100) (low biaslimit, V — 0). The
white lines indicate the surface net, and the circles mark the
positionsof the moleculés atoms. (b) Calculatednelasticfrac-
tion of scatterecelectronsdueto the C-H stretchingvibrational
modesplotted as a function of the tip’s lateral displacement
(parallel to the surface), for electronswith £ = EX™", and
experimentalresultsfrom [3]. The 0 displacementorresponds
to the tip locatedover the centerof the molecule. Solid line
(calculated and circles (expt.): profile along the axis of the
molecule.Dottedline (calc.) andtriangles(expt.): profile along
the line perpendiculato the moleculés axis.

calculatedvalue of o hsy/0elast IS about 20% (about
15% of the total conductance). The fractions experi-

mentally measurecby STM inelastic electron-tunneling
spectrosocp (STM-IETS) are very muchtip dependent,
and oscillate between6% and 12%, being of the same
orderof magnitudeasour result.

Theprofiles calculatedor othermodesaresmallerthan
the C-H stretchfor the experimentalrangeof enegies(as
shavn in Fig. 3a). Nearthe centerof the molecule,the
C-C stretchingmodés inelasticfraction is 0.3 timesthat
of the C-H stretch.This ratio might be an overestimation,
beingtherealratio smalley sincea 0.3 would in principle
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FIG. 3. (a) Dependenceof the inelastic conductanceor the
differentmodesas a function of the electrons enegy. The tip
is locatedover the centerof the molecule. Theinelasticconduc-
tancehasbeennormalizedby the elasticoneat the sameeneny.
The elastic conductanceat this tip’s position keepsquite con-
stantalongtheenegy range changingustby aboutafactorof 2.
(b) Interferenceeffectin the caseof the C-H symmetricstretch-
ing modeandthe C-H scissomode. In the caseof the stretching
mode, the inelastic scatteringthroughorbitals 2a; and5a; in-
terferesconstructvely (solid line). The interferencebecomes
destructve if we changethe signof &,4 and ¢4, in the inelastic
scatteringmatrix (dashedine). Similarly, the destructve inter-
ferencein the caseof the C-H scissormode (dash-dottedine)
becomesconstructve when &,4 — — &4 (dottedline).

4

allow the STM-IETS detectionof the C-C mode. A more
refined Hamiltoniangoing beyond Harrisoris matrix ele-
mentsmight give a smallerratio. Neverthelesspnewould
not expect a significant difference regarding the order
of magnitude.

The clear dominanceof the C-H stretchover the C-H
bendingmodesin the inelasticscatteringof electronss a
quite striking fact. The greaterthe frequeny the smaller
the meandisplacementwhat implies a smallerinelastic
coupling accordingto Eq.(2). This agument would
thus opposeboth the experimental and the calculated
evidence. In fact, the absolutevaluesof the calculated
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inelasticcoupling matrix elementsare of the sameorder
of magnitudefor the stretchingandbendingmodes being
evenbiggerin the latter case.If we now look at the volt-
agebehaior of theinelasticfractionsof the conductance,
Tinel(E)/ 01 (E) we find a markedly differentbehavior
betweerthemodes:while thestretchingmodecontribution
keepsquite constantin a rangeof several eV, the bending
modes presenta deep decreasenear the center of the
graph,andgrow even higherthanthe C-H stretchcontri-
bution athigh biases.Thesefactsindicatethatinterference
betweenseveral orbitals is taking place in the inelastic
conductionprocess.

Toillustratethiswewill compargahesymmetricoending
mode (scissor)with the symmetricC-H stretchingmode.
Sincetheseare symmetricmodes,they do not mix elec-
trons from stateswith odd symmetry The tip is on top
of the molecule,so only electronsof even symmetrycan
tunnel. Therefore,we canforget aboutall the odd sym-
metry electronsin the problem,and considerjust the four
symmetricmolecularorbitals (2a,,3a;, o, and 5a;; a
subindeces we will denotethemby 2, 3, 4, and 5, re-
spectvely). Fromthoseorbitals,only one(the highestoc-
cupied molecularorbital, denotedo,, by Hoffman [13])
has an appreciabledensity of statesat the Fermi level.
Thus only this orbital carries current elastically to the
tip. However, the inelastic processtakes place at more
than just this orbital. Otherwisethe inelastic fractions
due to the two modeswould be exactly proportionalby
Eqciss/ Esie, Which is not the case. Furthermore,the in-
elastic matrix elementfor the o, orbital in the scissor
mode turns out to be bigger than that in the symmetri-
cal stretchingmode. Theseconsiderationgnply thatthere
is interferencebetweenseveral orbitals in the inelastic
conductionprocess.

Even after simplifying the problemto a 4 orbital one
(the Cu atomsaffect very little to the inelastic current),
the analysisis still not trivial, sincethe ¢&; ; matrix hasa
dimensionof 16 X 16. Neverthelessonly the elements
¢i o, areimportant. This canbe proven by useof Eq. (7)
and the fact that the three orbitals otherthan o, have a
muchsmallerLDOS atthe Fermilevel thanthelatter Thus
theanalysisreducedo a comparisorof only four numbers
for the two modes.

From thesefour elementsthe biggeronesare ¢, 4 and
s4. Now, sgri&3] = —sgrié], while sgriés™] =
sgr{fg’ﬁ“]. This qualitative differenceresultsin a con-
structve interferencein the stretch caseand a destruc-
tive onein the scissorcase. To prove that this is so, we
have changedhe sign of £54 in the two casespbtaining
the curves shawvn in Fig. 3b. It is clear how the quali-
tative behaior of the two modesis exchanged:now the
stretchingmode inelastic fraction is smaller and shovs
a decreasdn the middle of the graph, while the scis-
sor mode increasesat that region, and shawvs a much
bigger value, being the dominatingone. Furtheranaly-
sis shaws similar interferencegaking placefor the other
bendingmodes.

The geometrical origin of the relatve signs arises
simply from the fact that (1) the stretching mode affects
more strongly the hopping between the s orbitals at H
and C, while (2) the scissor mode affects that between
the hydrogen s orbital and the carbon p orbital taken
perpendicular to the bond direction. The relative signsof
themolecularwave functionat theseatomicorbitalsdiffer
betweenthe 2a; and5a; for the first case,andcoincides
for the secondcase,originating the sign relationsin ¢
discussedefore.

We have shavn haw to calculateinelasticimagesof ad-
sorbedmoleculesandhave comparedvith theexperimen-
tal onesin the caseof an acetylenemoleculeon Cu(100).
A dominanceof the C-H stretch mode over the other
modeshasbeenobtained,in accordancevith experimen-
tal evidence. The calculatedinelasticprofiles arein good
qualitatve agreementvith thosereportedexperimentally
As afunctionof thebias,two qualitatively differentbeha-
iors have beenobtainedfor the C-H stretchingand bend-
ing modes.This differencehasbeenshavn to correspond
to an interferencephenomenorin the inelasticscattering
processandis believed to be the reasorwhy the bending
modeshave not beendetectedexperimentally
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